We describe alloenzyme variation in A. angustifolia populations of three separate geographical areas in southern Brazil. The genetic structure of populations was examined in seedtrees, embryos and effective pollen. Seven out of 24 enzyme loci were polymorphic. The average number of alleles per locus (24 loci) was 1.54, with 2.44 alleles per polymorphic locus. Mean expected and observed heterozygosities at the polymorphic loci were H e = 0.128 and H o = 0.132 for seed-trees, and H e = 0.142 and H o = 0.161 for embryos. All measures of genetic variability were highest in the most northern populations. Differences among localities explained 84.14 % and 92.06 % of the total genetic diversity in embryos and seed trees, respectively. Sex ratio was 1:1 in almost all populations. Female and male gene pools differed in allele frequencies, most significantly at loci 6-Pgdh-B and Skdh-B. This explains the excess of heterozygotes detected among embryos. No inbreeding or excess of heterozygotes was detected among adult seed trees. Genetic variation in A. angustifolia revealed a latitudinal gradient.
Introduction
The Araucariaceae is an ancient conifer family. In South America, the Araucariaceae are represented by two native species, Araucaria araucana (Molina) K. Koch and Araucaria angustifolia (Bert.) O. Kuntze. The Araucaria forest of the southern highlands in Brazil is named after Araucaria angustifolia. At the beginning of the twentieth century, Araucaria angustifolia, or Paraná pine, formed dense forests covering 184,000 km 2 in southern Brazil (GUBERT FILHO, 1989) . A century later, the remnants of these forests are highly fragmented and threatened to extinction. A. angustifolia is a dioecious species. The insulation of the forest fragments is of particular concern because both seed and pollen dispersal patterns suggest that gene flow in A. angustifolia is less widespread than in other conifers (SOUSA and HATTEMER, 2003) .
The present geographic range of A. angustifolia extends from 19°15'S to 31°30'S, and from 41°30'W to 54°30'W (HUECK, 1966; FÄHSER, 1981) . The species distribution was much wider in the Late Quaternary, including a substantial fossil record in southern and central Brazil (KERSHAW and MCGLONE, 1995; KERSHAW and WAGSTAFF, 2001) . In the present climate, natural Araucaria forests are found predominantly between 500 to 1,500 meters (up to 2,300 meters) above the sea level. MATTOS (1965) , GURGEL and GURGEL FILHO (1965), and REITZ and described geographical races of A. angustifolia. In addition to geographical variation, Araucaria forests differ significantly in species composition. The natural regeneration of A. angustifolia becomes gradually inhibited as the forest is invaded by tropical rainforest species, which are better adapted to present climate (KLEIN, 1960; REITZ and KLEIN, 1966; ).
Genetic differences among populations of A. angustifolia were first demonstrated in provenance trials conducted in tree improvement programs (GURGEL and GURGEL FILHO, 1965; KAGEYAMA and JACOB, 1980; MONTEIRO et al., 1982; GIANNOTTI et al., 1982; SHIMIZU, 1999) . Isozyme variability was examined in a relict population of A. angustifolia situated in the Iguaçu National Park (Paraná State), at the edge of the southwestern range of the species (SHIMIZU et al., 2000) , and in nine natural populations of A. angustifolia in Santa Catarina State (AULER et al., 2002) . At the DNA level, MAZZA (1997) detected differences between provenances using RAPD, and HAMPP et al. (2000) found geographic variation in a cloned polymorphic DNA sequence. In the present report we describe the genetic structure of different kinds of A. angustifolia populations, within three localities, comparing seed tree, embryo and pollen gene pools.
Material and Methods

Description of populations
Populations were sampled in three major conservation sites for Araucaria forests. Campos do Jordão (22°44' S, 43°44' W; 1800 meters above sea level, in São Paulo State) is a State Park. Irati (25°30' S, 50°36' W, 880 meters above sea level, in Paraná State) and Caçador (26°50' S, 51°00' W, 1100 meters above sea level, in Santa Catarina State) are National Parks. The vegetation in the Campos do Jordão park consists of native grassland and forest. The park includes 8,223 hectares, 5,655 hectares of which are forests (FAVRIN, 1985) . Podocarpus lambertii and Podocarpus sellowii are common species in the plant community, which shows abundant natural regeneration of A. angustifolia. The forest in Irati covers 3,495 ha (IBAMA, 2000) and is rich in Lauraceae species, characteristic of the Araucaria-Ocotea community. Local smaller remnants range from pioneer to late transition forest stages (GUBERT FILHO, 1989) . The forest in Caçador covers 1,600 ha. The large emergent A. angustifolia trees dominate in the upper canopy stratum, but the species shows very low natural regeneration (CROCE, 1991) . Ocotea porosa, O. pretiosa, Cedrela fissilis, Sloanea lasiocoma, and other late succession species characterize the main forest and local smaller remnants. The climate in the three areas is subtropical mesothermic. February is the warmest month (17-22°C) and July is the coldest (8-12°C), with absolute minimum temperatures reaching below 0°C in all three localities. Rainfall ranges between 1,500 to 2,000 mm. The following populations were sampled in the parks: the large undisturbed main forest (LF); an exploited forest section (EF) submitted to selective logging in the past; forest islands (FI) surrounding the main site in Irati and in Caçador; and a 37 years old A. angustifolia plantation (PL), in Irati, established with seeds collected in the main forest. The size of the sampling plots is shown in 
Isozyme electrophoresis
Enzyme extraction, starch-gel electrophoresis, and the mode of inheritance of A. angustifolia isozymes are described in SOUSA et al. (2002) . The megagametophyte and the embryo were examined in 20 seeds in each of 35 trees in the populations of Campos do Jordão; and in 8 seeds, in each of 10 trees, in all other populations (total = 2,280 seeds). The genotype of the seed tree was inferred from the type and frequencies of the alleles present in its megagametophytes. The genotype of the effective pollen grain was inferred from the comparison of paired megagametophyte-embryo zymograms. Effective pollen refers to the pollen grains that participated in fertilization events producing seeds. Thirteen isozyme systems were examined.
Descriptors of genetic variation and differentiation
The allelic structure of populations is described by the number of alleles per examined locus (A/L); the percentage of polymorphic loci (PPL); the genetic diversity index ν (GREGORIUS, 1987) , which is equivalent to the effective number of alleles (CROW and KIMURA, 1970) ; and the gametic diversity index ν gam (GREGORIUS, 1978) , which measures the populations' potential for producing genetically diverse gametes. At the genotypic level, variation is described by the observed (H o ) and expected (H e ) heterozygosities defined by NEI (1973). In large samples, H e is comparable to the total differentiation δ T defined by GREGO-RIUS (1978) . Genetic differences between populations were examined in dendrograms constructed with the genetic distances D (NEI, 1972) and d o (GREGORIUS, 1974) . The differentiation of populations was described in seed-trees, embryos and pollen gene pools, for individual and pooled loci, using the parameters D j and δ (GREGORIUS, 1985; GREGORIUS and ROBERDS, 1986) and interpreted using the F-statistics (WRIGHT, 1951 (WRIGHT, , 1965 . D j corresponds to the proportion of genetic types (alleles, gametes, or genotypes) of a population that is not shared by other populations. The parameter δ represents the average differentiation present in the entire collection. The relationship between the two parameters is illustrated by snail diagrams, where the radii of the sectors are D j and the radius of the central circle is δ. The calculations were performed using GSED version 1.1 (GILLET, 1998) and BIOSYS-2 (SWOFFORD and SELANDER, 1997).
Results
Genotypic variation of seed-trees and progenies within populations
Twenty-four isozyme loci were identified, seven were polymorphic at the 95% criterion:
Skdh-B (2 alleles), and 6-Pgdh-B (3 alleles). Fifteen loci (Aap-A, Gdh-A, Lap-A, Lap-B, Idh-A, Pgi-A, G6-Pdh-A, Mnr-A, Nadh-A, Nadh-B, Mdh-A, Mdh-C, Mdh-D, Pgm-B and 6-Pgdh-A) were monomorphic. Two loci, Got-A and Pgi-B, were excluded from the variation measures except for A/L, A/P and PPL.
The zymograms of heterozygotes for Got-A (3 alleles) had no consistent resolution and the polymorphism at Pgi-B (3 alleles) was below 1%. All together, 37 different Araucaria alloenzymes were identified (SOUSA et al., 2002) . Measures of genetic variation in seed-trees and in their progenies, in the 13 Araucaria populations, are shown in Table 2 . The average number of alleles per locus (A/L at 24 loci) at the species level is 1.54, with 2.44 alleles per polymorphic locus. The mean heterozygosities of the 13 populations, at the seven polymorphic loci, were H e = 0.128 and H o = 0.132 for seed-trees; and H e = 0.142 and H o = 0.161, for embryos.
Differentiation among populations
The distribution of the genetic variance in A. angustifolia is shown in Table 3 . Comparisons of hierarchical levels of diversity are expressed as variance components, percentage of total variance, and F-statistics. Variance components and F-statistics revealed the same trends. Small negative variance components, occasionally obtained with the BIOSYS-2 program, were disconsidered. The most important source of variation is localities. Differences among localities explain 84.14 % and 92.06 % of the total heterozygosity present in embryos and seed-trees, respectively. Other comparisons shown in Table 3 consider only embryo genotypes. The two kinds of management had no significant effect upon heterozygosity in the samples from Campos do Jordão and Irati, but explained almost 4.96 % of it in Caçador. The comparison between large forests and forest islands shows that forest size determined 4.09 % of the total heterozygosity in Irati and 7.40 % in Caçador. Finally, the large forest and the plantation in Irati showed similar heterozygosities. Table 2 . -Genetic variation in seed-trees and their progenies (embryos) in 13 populations of Araucaria angustifolia. Average number of alleles per locus (A/L), percentage polymorphic loci (PPL), allelic diversity (ν), gametic diversity (ν gam ) and heterozygosities (H o and H e ). (GREGORIUS, 1974) between localities were identical (except for scale) distinguishing Campos do Jordão from the other locations. Only those with d o will be presented. Figure 1 shows the dendrogram for seed-trees. The dendrograms in Figure 2 shows populations within Irati and Caçador. In Irati, the largest forest island FI-2 joins with the continuous main forest, followed by the plantation. The exploited forest is the most divergent in this location. In Caçador, the large forest separates from all others and the Sousa et al.·Silvae Genetica (2004) exploited forest joins the cluster of local forest islands. It is shown in Table 2 that the density of A. angustifolia in the exploited forest is very low. Figure 3 shows snail diagrams representing the population differentiation D j at each locus (except for the non-informative loci Got-C and Skdh-A). The mean differentiation δ in A. angustifolia ranges from almost zero (Got-C) to 0.208 (6-Pgdh-B). The sectors of seed-trees, embryos and pollen in Campos do Jordao indicate high allelic differentiation at all loci. Caçador seed-trees are distinguished by genotypes at 6-Pgdh-B and Skdh-B. Irati populations show low allelic differentiation, except for seed-trees at locus Skdh-B. Snail diagrams for seed trees, using pooled loci, are shown in Figure 4 . The populations in Campos do Jordão have similar D j , with outstanding sectors in all diagrams. Selective logging had less impact in this location than in the exploited forest in Caçador, which shows the overall lowest D j . Given the low differentiation of populations outside Campos do Jordão, the exploited forest in Irati and the forest island FI-2 of Caçador are closest to δ.
Sex ratio in the Araucaria forests
The interpretation of population structure in dioecious species requires information on sex ratios. Table 1 shows the proportions of male, female, and non-reproducing trees counted in the sampling plots. The χ 2 test indicates fit to the expected 1:1 sex ratio within each stand. Reproductive maturity is related with age, and consequently, with the distribution of stem diameters in the forest. The population density and the frequency of non-reproducing trees were highest in the large forest of Campos do Jordão. Most of the non-reproducing trees in this forest were young individuals. In contrast, trees not bearing strobili in Forest-Island 2 of Irati (64.5 %) were mature adults. The average stem diameter of the trees was smallest in Campos do Jordão, intermediate in Irati, and largest in Caçador. The number of non-reproducing trees followed the opposite trend. The overall sex ratio did not differ significantly from 1:1 except in the exploited forest in Campos do Jordão and the large forest in Irati (χ 2 = 5.54 and χ 2 = 6.54, respectively) where females were more frequent.
Allelic frequencies and diversity in seed-trees, embryos and effective pollen
Allele frequencies were variable among localities, populations within localities, and between female and male gametic genepools (Tables 5, 6 and 7). The populations in Campos do Jordão show moderate to intermediate frequencies of allele B 1 of Got-B, Mdh-B, and Skdh-B in the seed-trees. These alleles are either absent or rare (5 % or less) in other populations. Allele B 1 of 6-Pgdh is either absent or rare in seed-trees, B 2 predominates in Campos do Jordão (LF and EF), and B 3 is the most common allele in all other populations except one. Differences among localities were less pronounced at locus Pgm-A. Variation at loci Got-C and Skdh-A was overall low. Table 8 shows the G h test for homogeneity in allele frequencies between male and female gametes within populations. Differences in allele frequencies between sexes were statistically significant in about 40 % of the comparisons. In contrast to its absence in seed-trees, allele B 1 of Skdh-B was represented in the effective pollen in all populations except Irati forest island FI-2, reaching moderate frequencies in six of them. In Campos do Jordão, allele B 1 of 6-Pgdh-B was more frequent than B 3 in the effective pollen, and B 2 was more frequent in seed-trees than in the pollen. The frequencies of alleles B 2 and B 3 were more balanced in the pollen in Irati and Caçador. Allele B 3 of Got-B was found in a single megagametophyte and a single embryo, of separate seeds. The allelic diversity was higher for 6-Pgdh-B than for other loci, except in the seed-trees of Campos do Jordão populations, where Mdh-B alleles had more even frequencies (ν = 1.99 for the conserved forest and ν = 1.92 for the exploited forest, at Mdh-B). The allelic diversity was highest in the effective pollen in Campos do Jordão EF (ν = 1.40 for pooled loci and ν = 2.51 for 6-Pgdh-B), given the frequency distribution of the three alleles of 6-Pgdh-B. Allelic diversity with pooled loci was lowest in the Irati FI-2 and Caçador FI-1 seed-trees (both with ν = 1.07). The effective pollen was more diverse than the seed-trees and embryos, except in Caçador FI-2.
Discussion
Genetic diversity and geographic differentiation
The genetic variation at alloenzyme loci in A. angustifolia is lower than the average reported for other conifers, if all 24 loci are considered. In East Asian pines, KIM and LEE (1998) wide variation among species (H e = 0.000 in Pinus resinosa to H e = 0.341 in Picea abies) (HAMRICK et al., 1981) .
In the present survey, A. angustifolia populations in Brazil were found to be fairly variable in Campos do Jordão, the most northern locality, but less so in Irati and Caçador. Genetic distances between populations within localities were small. The A. angustifolia population examined by SHIMIZU et al. (2000) is situated 220 m above sea level, inside the range of the semi-deciduous forest of the Paraná River. The variability at ten isozyme loci, in needle tissue of 120 trees, was comparable to popula- and H e = 0.084) and the genetic differentiation among populations (average F ST = 0.044) was comparable to natural populations in Irati and Caçador. HAMPP et al. (2000) examined 178 seeds of A. angustifolia from 13 locations (8 to 23 seeds per location), and correlated the presence of a specific DNA sequence with the intensity of the frost events at the geographic origin of the seeds. All together, the geographic variation revealed by alloenzyme and DNA markers align with the palynological evidence of a migration of A. angustifolia, from lowlands in Minas Gerais and São Paulo towards the southern region in Brazil, in the late Pleistocene and early Holocene (KERSHAW and MCGLONE, 1995; KERSHAW and WAGSTAFF, 2001; LEDRU et al., 1996, DE OLIVEIRA and COLINVAUX, 1992) . According to BEHLING and LICHTE (1997) , previous cold and dry paleoclimates prevented such range expansion. No Araucaria pollen dating from 35,000 to 17,000 14 C yr. B.P. was found in Morro de Itaipeva, near Campos do Jordão. The rare representation of Araucaria taxa in this region is more recent, dating from 17,000 to 10,000 14 C yr. B.P..
Effect of population size
Selective logging practiced in the exploited forest of Caçador reduced its effective population size, heterozygosity and ν gam . compared to the conserved forest. Caçador EF joined with the smaller forest islands in the dendrogram in Figure 2 LF = Large Forest; EF = Exploited Forest; PL = Plantation; FI-1, FI-2, FI-3, FI-4 = Forest Islands Levels of significance: * P < 0.050, ** P <0.010 and *** P <0.001 in this case because of unique genotypes (Figures 2 and 3) . Irati EF also has the overall lowest density of A. angustifolia trees among the 13 populations. Forest exploitation had less effect in the forest in Campos do Jordão, where genetic variability and tree density were higher. Comparing preharvest and postharvest gene pools in old-growth stands of Pinus strobus in central Ontario, BUCHERT et al. (1997) observed that approximately 25 % of alloenzyme alleles were lost, and the percentage polymorphic loci dropped by about 33 %, after tree density reduction of 75 %. Gene flow is reported to be very high in this species. In contrast, the genetic differentiation among single-tree progenies in Campos do Jordão revealed that a small percentage of the male trees participated effectively in the pollination. Consequently, there are lower chances that genetic diversity in exploited forests will be restored by pollen migration from surrounding populations in A. angustifolia than in Pinus strobus. Pollen grains of A. angustifolia do not possess wind sacs and are relatively large (61.5 µm) compared to the average pollen size of other anemophilous species (SOUZA and HATTEMER, 2003) . Also, the heavy seeds of A. angustifolia are dispersed by autochory and concentrate near the mothertree (CARVALHO, 1994) . Foraging animals (rodents, domestic pigs, peccaries, and jays) promote secondary dispersion of the seeds (MÜLLER, 1990; CARVALHO, 1994; ENRIGHT et al., 1995) . In consequence of habitat fragmentation, large carnivores have disappeared and the populations of small rodents have increased substantially. Higher proportions of seeds are predated, thus reducing the species regeneration capacity.
Sex ratio and genetic differentiation of female and male gene-pools
Sex ratio was 1:1 in the large forest in Caçador, the oldest and most exuberant population included in our study. Balanced sex ratio was also observed in another 10 ha sampling plot studied in the large forest of Campos do Jordão (SOLÓRZANO, 2001) . Female trees were more frequent in the exploited forest of Campos do Jordão and in the large forest in Irati. In contrast, excess of male trees were observed in some natural and planted A. angustifolia forests (PINTO, 1982; BANDEL, 1983) , showing that the deviations from the 1:1 ratio are not sexbiased in adult trees. Occasional monoecious A. angustifolia specimens are reported and considered an abnormality associated with fungal infection (Uleiella paradoxa) of male strobili, or physical damage to the tree (REITZ and KLEIN, 1966; SHIMIZU and OLIVEIRA, 1983) .
In spite of balanced sex ratio, female and male A. angustifolia gene pools differed significantly in allelic structure at loci Skdh-B and 6-Pgdh-B. This difference explains the higher heterozygosities and the negative F IS values found for embryos (Tables 2 and 4) . Gene loci of 6-Pgdh are related to sex expression in several dioecious plants, with a particular allele being unique to one of the sexes (SCHNABEL and HAMRICK, 1990) . In A. angustifolia, the allele B 1 of 6-Pgdh-B is rare, but not absent, in the female gamete-pool. Meiotic segregation distortion was observed in some trees, yet mostly for Got-B (SOUSA et al., 2002) . For 6-Pgdh-B, the single heterozygote B 1 B 2 seed-tree found in the Campos do Jordão EF produced one B 1 and nineteen B 2 megagametophytes in a sample of 20 seeds. The connection between the observed segregation distortion and the rarity of the B 1 allele in seed-trees needs further investigation.
The genic diversity was highest in the effective pollen in all 13 populations. It averaged 1.186, exceeding by 3 percent the value estimated for seed trees (1.146), that of embryos falling in between (1.170). One may be tempted to attribute these results to the larger number of pollen-contributing males than sampled seed trees. However, these results are due to the larger average diversity present at locus 6-Pgdh-B in the males (values ranging from 2.201 to 2.768), significantly exceeding that in the seed trees (values ranging from 1.331 to 2.062) (SOUSA, 2001) .
